Soil respiration is affected by vegetation and environmental conditions. The purpose of this study was to investigate the effect of vegetation type on soil respiration, temperature and water content, and their correlations on a small scale. We measured soil respiration rate (R s ) over a 3-year period at biweekly intervals in three plots in the eastern Loess Plateau of China, with the same soil texture but different vegetation types: pine forest, grassland, and shrub land. Simultaneously, soil temperature (T s ) at 10 cm depth and soil water content (W s ) within 10 cm depth were measured. The seasonal course of R s and T s showed a similar temporal variation in the three plots, with higher values in summer and autumn and lower values in winter and spring. No significant differences (P . 0.05) were found between plots, except for W s . The mean cumulative release of CO 2 efflux from March to December was 962.5, 1027.5, and 1166.5 g C m 22 a 21 for plots 1, 2, and 3, respectively, with no significant difference between plots. The fitted exponential equations of R s versus T s from the 3-year data-set were significant (P , 0.05) with an R 2 of 0.72, 0.64, and 0.72 for plots 1, 2, and 3, respectively. The calculated Q 10 from the parameters of the fitted equation was 3.57, 3.52, and 3.61, and the R 10 was 2.36, 2.03, and 2.37 mmol CO 2 m 22 s 21 for plots 1, 2, and 3, respectively. Compared with the T s , the correlations between R s and W s were not significant for the three plots. However, if the T s was above 108C, then their correlation was significant, and W s had an impact on R s . Four combined regression equations including two variables of T s and W s could be well established to model correlations between R s and both T s and W s . Our study demonstrated that the exponential and power model fitted best and no significant different correlations of combined equations existed between the three plots. These results show that vegetation type had little impact on R s , T s , W s , and their correlations, as well as on related parameters such as Q 10 and R 10 . Therefore, while doing R s research in a horizontal patchy vegetation conditions on a small area, the sampling location of measurements should focus on vertical dominant vegetation and ignore patch vegetation so as to reduce field work load.
Introduction
Soil respiration (R s ) is one of the main processes controlling the carbon cycle in terrestrial ecosystems (Raich & Schlesinger 1992; Schlesinger & Andrews 2000) . Temporal and spatial variability in R s , such as seasonal and diurnal changes in temperature, and heterogeneity between and within different sites, result in uncertainties in estimating the amount of soil carbon efflux and quantifying the relationship between R s and environmental factors (Kang et al. 2003; Maestre & Cortina 2003; Khomik et al. 2006) . Studies on R s have been carried out in different ecosystems, ranging from tundra to equatorial regions (Raich & Schlesinger 1992) . Variations in R s showed a geographic character on a global scale, but were also affected by topography (Kang et al. 2003) , vegetation (Buchmann 2000) , and soil texture (Dilustro et al. 2005) as well as by land use characteristics (Melling et al. 2005 ) on a landscape and larger regional scale.
In mountainous areas, topography induced differences in microclimate, vegetation, and soil texture, especially at the latitudinal level, which could cause significant changes in R s (Kane et al. 2003) . At the horizontal level, climate, soil texture, and vegetation had homogeneous characteristics. However, the vegetation type in a certain area showed a markedly patchy distribution, especially on a small scale, due to human activities. When considering a small region, different vegetation types revealed a differential effect on photosynthesis (Arena et al. 2008; Vitale et al. 2012) , root growth (Tahi et al. 2007) , and CO 2 efflux (Kuzyakov and Cheng 2004) . The influence of vegetation type on soil respiration has been well documented at the latitudinal level (Kane et al. 2003; Kang et al. 2003) ; however, the effects of patchy distribution of vegetation on soil CO 2 efflux are still elusive. Furthermore, this kind of research has never been reported for Tianlong Mountain (the eastern Loess Plateau of Shanxi).
Therefore, it is essential for us to understand the characteristics of R s in patchy vegetation conditions and how it is related to environmental factors. To do so, we conducted fixed-position measurements of R s , at 15-day intervals over a period of 3 years, taking in consideration three plots with the same elevation and soil texture, but different vegetation type: plot 1, pine forest; plot 2, grassland; and plot 3, shrub land. Specifically, the objectives of our study were to investigate the effect of vegetation on soil respiration regarding the following aspects: (1) seasonal and interannual variations in R s between plots, (2) correlation between R s and environmental factors, and (3) dependency of temperature sensitivity (Q 10 ) and basal respiration value (R 10 ) on soil temperature (T s ) and soil water content (W s ) as well as to what extent environmental factors influence them. The general implication of the study was to guide sampling design decision for researchers to determine reasonable location for R s measurement in mountain areas and to provide accurate soil CO 2 release data.
Materials and methods

Study area and experimental site
The study area is situated in the Tianlong Mountain natural reserves area (N 37844 0 ; E 112822 0 ), Shanxi Province, China, a region characterized by a monsoon continental climate. Mean annual precipitation, based on the 30-year climate record from 1971 to 2000, is 478 mm, ranging from 257 mm in 1972 to 809 mm in 1995; 60% of the annual precipitation occurs during the months July and August. The four seasons within a year are distinct and the annual mean temperature is 108C with a mean daily minimum of 2 6.48C in January and a mean daily maximum of 238C in July. The annual precipitation was 320.1, 370.5, and 508.8 mm in 2005, 2006, and 2007, respectively. The forest community in the area is a temperate needle-leaved forest, mainly located at 1355 m above sea level. The dominated canopy species, described in detail by Cheng et al. (2000) , are pine forest (Pinus tabulaeformis) with a patch distribution of grassland and shrub. In a small area of 1 ha, three different types of vegetation, i.e., pine forest (plot 1), grassland (plot 2), and shrub land (plot 3), situated next to each other were chosen, to initiate the experiment. The characteristics of the three plots for R s measurement are shown in Table I . The vegetation of plot 1 was mainly composed of P. tabulaeformis, accounting for 80% of the whole forest, with a density of 3200 stems ha 21 and 75% coverage of floor vegetation. The trees had a mean age of 35 years, with a mean height of 3.7 m, and a mean diameter at breast height of 13.5 cm. The underground vegetation was composed of Rosa xanthina, Carex rigescens, and Artemisia gmelinii. The litter was mainly pine needle about 2-3 cm thick. The vegetation of plot 2, an area of 10 m £ 10 m located in the middle of the pine forest, was composed of A. gmelinii and A. lavandulaefolia. The vegetation of plot 3, an area of 10 m £ 12 m, next to plots 1 and 2, was composed of Periploca sepium and R. xanthina. The height of P. sepium was about 1.8 m, with a herb community of A. gmelinii and C. rigescen.
Experimental process
Soil CO 2 efflux, referred to as soil total respiration (R s ), was measured by attaching a LI-COR 6400-09 soil standard chamber to a LI-COR 6400 portable photosynthesis system (LI-COR, Environmental Division, Lincoln, NE, USA). Measurements were conducted from April 2005 to December 2007 with two sampling periods per month, and a total of 69 measurements made during the 3-year period.
The sampling number and measurement method of soil CO 2 efflux were previously described in detail Li et al. 2008 ). The T s at 10 cm depth was measured at a nearby point with a thermocouple probe of the LI-COR system, and in 2007 the additional measurements of T s at 5 and 15 cm soil depth were made after R s measurement. The W s within 10 cm depth was measured by using the oven-dried (1058C) method. Soil bulk density and water holding capacity (WHC) were determined using the volumetric core method. Total carbon and total nitrogen were analyzed using Vario MACRO cub (Berlin, Germany). Li et al. (2008) .
Data analysis
Results
Temporal variations of R s , T s, and W s
The temporal variations of T s in the three plots showed a similarly seasonal trend during the 3-year period, with a minimum of about 08C in early spring and early winter, and a maximum of above 208C in summer, indicating a symmetrical parabola type (Figure 1(A) ). The overall average T s (Table II) for all data-sets of each plot during the entire period was 10.69^6.04, 11.84^6.99, and 11.85^6.728C in plots 1, 2, and 3, respectively. The lowest T s was found in plot 1 and the highest T s in plot 3. However, there were no significant differences between the three plots (P . 0.05). The overall mean of T s for the entire data-sets (total number, 207) for the three plots during 3 years was 11.46^6.588C. Compared with the seasonal variation of T s , the W s within the top 10 cm of soil fluctuated markedly through the seasons (Figure 1(B) ), varying with precipitation and its distribution, and generally demonstrated a "dry -wet-dry" cycle trend. After a rain event, W s increased and in some cases reached the WHC of the soil. However, whenever there was no rain event for 1 week or more, the W s decreased rapidly until close to wilting point, a value of soil water content at 2 2000 kPa matric potential. The overall mean W s (Table II) of all data-sets for each plot during 3 years was 17.89^5.56%, 18.60^6.12%, and 16.39^5.23% for plots 1, 2, and 3, respectively. The measured mean of W s for all data-sets (207 samples) for the three plots during 3 years was 17.63^5.70%.
The R s of the area presented a typically seasonal pattern following T s with a minimum below 1 mmol CO 2 m 22 s 21 in early spring and winter, and a maximum about 8-10 mmol CO 2 m 22 s 21 in summer (Figure 1(C) ). Drought of the soil during (Table II) for all data-sets of each plot during 3 years was 3.58^2.50, 3.82^2.75, and 4.42^3.38 mmol CO 2 m 22 s 21 for plots 1, 2, and 3, respectively, without significant difference between plots (P . 0.05). The overall mean R s for the entire data-set for all three plots during 3 years was 3.94^2.91 mmol CO 2 m 22 s 21 . The variation trends of R s , T s, and W s in the three plots showed a similar fluctuation over the season, which suggested that the different vegetation types of the plots had no significant effect (P , 0.05) on R s . Simple correlation analysis of R s for each single-year data between plots indicated that the correlations of R s were significant (P , 0.01), with a correlation coefficient (r) ranging from 0.87 to 0.92.
Annual CO 2 efflux
The total soil CO 2 efflux for each plot during each year was obtained by summarizing the monthly CO 2 efflux, which was calculated by multiplying the daily mean R s (we took the monthly weighed value as daily mean) by the respective number of days of the month. The mean value of CO 2 efflux release (Table  III) during the entire years of plots 1, 2, and 3 was 962.5, 1027.5, and 1166.5, respectively. The monthly maximum of soil CO 2 efflux mostly occurred in August, corresponding to a maximum of vegetation biomass as well as higher T s and W s values. One-way ANOVA illustrated that the difference in total CO 2 efflux was not significant between plots (P ¼ 0.85), indicating that vegetation type on a small scale had little influence on soil CO 2 efflux.
The correlation models for R s conversing into T s and W s Single models for the relationship between R s and T s . Figure 2 shows the scatter plots of R s against T s for the three plots. The fitted equations with exponential relation and the Q 10 and R 10 values calculated from the regression coefficients are summarized in Table IV . The data show that R s values are more scattered and changeable at higher T s periods, when T s was above 108C (Figure 2) , than those at lower T s periods when T s was below 108C. This revealed that at higher T s periods, R s was controlled perhaps by W s and other ecological aspects of the vegetation, such as leaf phenology, root growth, and microbial population.
The calculated Q 10 values from the fitted exponential equations are 3.57, 3.52, and 3.61; and the R 10 values are 2.36, 2.03, and 2.37 mmol CO 2 -m 22 s 21 for plots 1, 2, and 3 (Table IV) , respectively. No significant difference in Q 10 and R 10 was found between plots. In order to analyze the correlation between R s and T s at different temperature ranges and the effect of T s on Q 10 , we categorized the dataset into two groups with the cutting-point T s at 108C. The results (Table V) showed that when T s was below 108C, the correlations between R s and T s were significant, with an R 2 from 0.55 to 0.60 and a Q 10 from 4.38 to 10.65. However, when T s was above 108C, the correlations between R s and T s were only marginally significant, except in plot 2, with a lower R 2 , from 0.03 to 0.13, and a Q 10 from 1.36 to 1.99. Both Q 10 and R 2 values were much lower at T s above 108C than at T s below 108C. Reversely, R 10 was higher at T s above 108C than at T s below 108C. These results revealed that Q 10 was also affected by temperature, its value increasing with decreasing temperature.
Single models for the relationship between R s and W s . Figure 3 shows the scatter plots of R s against W s , and In order to model the confounding effect of T s and W s on R s , we integrated both T s and W s into four equations, using all data-sets from each plot (Table  VIII) . It was interesting that each of the four Response of soil respiration 1195 equations could be used to describe the correlations of R s to both T s and W s together, with R 2 values ranging from 0.60 to 0.80; furthermore, all regressions were significant at the 0.01 level. Together, these functions indicate that the temporal variation in R s observed in the three plots was primarily controlled by temporal changes in T s and W s . Therefore, in an environment with large seasonal variation in T s and W s , the application of two variable equations might be better than one variable in predicting R s .
Discussion
Seasonal and interannual variations in R s
For all plots, the variation of R s followed temporal changes in T s , exhibiting a similar seasonality. In normal weather conditions, the seasonal trend of R s generally follows changes in soil temperature, even under marine climate conditions (Curiel Yuste et al. 2003) . Although, in the three plots analyzed, temporal variability in R s was mainly controlled by changes in T s , a drought effect on R s was observed to a certain degree (some days), especially in summer. On those days of drought, R s slowed down to half of the R s found under normal W s conditions in the same month. The reduced R s probably resulted from water stress, which is in agreement with results from other studies (Loreto & Centritto 2008; Vitale et al. 2011) .
Interannual changes in R s have been reported for many ecosystems and, due to the fact that precipitation could directly influence W s , and thereby R s , they have generally been attributed to the seasonal distribution of precipitation. With the same amount of precipitation, R s was more easily affected in summer than in winter because T s controls R s in winter, whereas W s controls R s in summer. For example, a 6-year study by Epron et al. (2004) in southern France showed that these year-toyear differences in R s were highlighted when 2-year data were compared. The seasonal course of R s clearly followed the seasonal changes in T s . Moreover, drought due to little rainfall in summer also resulted in lower R s . The authors ascribed the variations in R s to differences in W s during summer months. A similar drought-induced decrease in R s was also reported for a forest in Germany by Borken et al. (2002) . They showed that summer soil drought was the main reason for interannual respiration variation, causing a reduction of 160 -260 g C m 22 a 21 of CO 2 efflux at one of the sites; by contrast, R s increased 40 g C m 22 a 21 over the same period at another site. Recently, Gaumont-Guay et al. (2006b) have demonstrated that soil drought plays a more important role than temperature in explaining interannual variation of R s and ecosystem respiration. The interannual variations of soil CO 2 efflux in forest ecosystem were mostly attributed to differences in soil moisture during summer, since soil moisture in summer months had a much higher influence than in winter. Mo et al. (2005) suggested that in summer R s is more influenced by W s than by T s , because fluctuations in temperature are smaller.
The interannual R s changes are a balance between the increase in CO 2 efflux induced by wetting after a period of drought and the decrease in CO 2 efflux caused by drought. A field experiment by Borken et al. (1999) showed that extreme droughts and subsequent wetting of the soil significantly affected annual soil CO 2 efflux. They reported that annual CO 2 efflux increased by 51% in the drought plot due to the wetting period at high soil temperature. The interannual variation in R s for each of the plots analyzed was not significant, mostly because of the small difference in soil moisture during summer months between years. Therefore, to understand interannual variation in soil respiration, a more long-term CO 2 efflux measurement including different precipitation conditions should be implemented.
Annual CO 2 efflux
The mean CO 2 efflux measured from March to December was 3.58^2.50, 3.82^2.75, and 4.42^3.38 mmol CO 2 m 22 s 21 for plots 1, 2, and 3, respectively, with no noticeable differences between plots. These values are comparable with those found in the literature for other regions, for example Subke et al. (2003) reported an R s that ranged from 0.43 to 5.15 (mol CO 2 m 22 s 21 , with a maximum in July; Xu and Qi (2001) Kang et al. (2003) in Korea noticed a maximum of 7.32 mmol CO 2 m 22 s 21 in a temperate mixed-hard forest at a T s of 178C in summer.
The calculated CO 2 release from the soil between March and December was 962.5, 1027.5, and 1166.5 g C m 22 a 21 for plots 1, 2 and 3, respectively. These data are in the same range as those from other reported studies (Savage & Davidson 2001; Rey et al. 2002; Kang et al. 2003) , except for one study in China (Yu et al. 2011) . For example, in the temperate broad-leaved Korean Pine forest in the Chang Bai Mountain area of China, the released CO 2 efflux was 1017 g C m 22 (Wu et al. 2006 ). The measured CO 2 release in plots 1, 2, and 3 was not significantly different, indicating that vegetation type at a small area does not influence soil respiration. Thus, for soil CO 2 measurements in a patchy vegetation area, it is reasonable to consider dominant vegetation rather than patchy cover so as to reduce heavy field work.
The effect of T s and W s on soil respiration
Similar effects of T s and W s on soil respiration were found for the three plots. During most of the year, the seasonal course of R s was mainly controlled by seasonal variation of T s . However, soil droughts also affected respiration, especially during summer months. The fitted exponential equations of R s and T s correctly predict soil CO 2 efflux (Table IV) ; the relationship between R s and W s , on the other hand, was not important for seasonal variation (Table VI) . However, the correlation between R s and W s was significant when T s was above 108C, indicating that W s plays a major role only during summer droughts. Similar results were reported by Shi et al. (2011) . The combined models of T s and W s could be used to predict the seasonal variation in soil respiration, indicating that it is commonly controlled by both T s and W s .
A previous study reported that exponential equations could be used to predict relationship between R s and T s only in the absence of soil water limitations (Lloyd & Taylor 1994) . These investigations also showed that the R 2 of correlation equations between R s and T s increased when the data measured under water stress were excluded from analysis Rey et al. 2002; Dilustro et al. 2005; Gaumont-Guay et al. 2006a) . Taking one-third of the WHC as a low threshold for soil drought stress, if data below this value were discarded, the R 2 of fitted equations between R s and T s increased (Li et al. 2008) . Although in the analyzed plots water stress on R s occurred only on a few days, when we excluded those data (Figure 2 , right-bottom corner of the panel) from the analysis, the R 2 of the fitted equation also increased. For Table VIII . Combined correlations of soil respiration between soil temperature and moisture. R s was best predicted by combined models including both T s and W s variables (Davidson et al. 1998; Shibistova et al. 2002; Epron et al. 2004; Jia et al. 2006; Chen et al. 2013) . Epron et al. (2004) reported that when W s as a linear variable was added to the temperature variable model, the R 2 of the fitted equations increased from 0.56 to 0.72. For our plots, compared to R 2 from the exponential Equation (Table IV) , the value (Table  VIII) of the four combined equations remained the same or increased slightly; moreover, the best Equation (with maximum R 2 ) was exponential and power 1. Several researchers have reported similar results, showing that a two-variable equation could predict respiration more accurately than a onevariable equation of T s or W s (Davidson et al. 1998; Fang et al. 1998; Kang et al. 2003; Epron et al. 2004; Gaumont-Guay et al. 2006a; Jia et al. 2006 ).
Linear equation Nonlinear equation
The relationships of Q 10 with soil temperature and soil water content
The temperature coefficient Q 10 , i.e. the factor by which the rate of a reaction changes as a consequence of a 108C temperature increase, has also been applied to models of ecosystem respiration (Tjoelker et al. 2001) . The calculated Q 10 from the fitted coefficients of exponential equations for all data-sets during 3 years was 3.57, 3.52, and 3.61 for plots 1, 2, and 3, respectively (Table IV) . These values were larger than the mean value of 2.4, but close to the upper value of 3.3 reported by Raich and Schlesinger (1992) for seasonal changes in T s and R s in various soils under field conditions. R 10 , the respiration rate at a T s of 108C, was 2.36, 2.03, and 2.37 mmol CO 2 m 22 s 21 for plots 1, 2, and 3, respectively (Table IV) . These are similar to the value of 2.4 mmol CO 2 m 22 s 21 reported by Soegaard et al. (2003) in Denmark. Further analysis showed that when we divided all data-sets of the individual plots into two groups, i.e. with T s either above or below 108C, the calculated Q 10 was different for both groups (Table V) . A similar response has been reported by several other researchers: Flanagan and Johnson (2005) reported for ecosystem respiration in a northern temperate grassland in Canada; Xu and Qi (2001) reported for R s in a Sierra Nevadan forest; and Gaumont-Guay et al. (2006b) reported for R s in a boreal aspen forest in Canada. Moreover, Curiel Yuste et al. (2004) in a case study in Belgium reported that the maximum Q 10 value was found in winter, followed by an intermediate value in autumn, and finally the smallest value in summer. Mo et al. (2005) , studying a cool-temperate deciduous broadleaved forest in Japan, observed the smallest Q 10 in summer. A study by Lloyd and Taylor (1994) also indicated that Q 10 was smallest in cold weather conditions. When separating the whole data-sets into two groups, we found lower Q 10 values with soil temperatures above 108C than with temperatures below 108C (Table V) . The depth at which the soil temperature was measured also influences Q 10 and R 10 values (Borken et al. 2002; Khomik et al. 2006 ). In our 3-year long-term experiment, the mean Q 10 values calculated from the data of the three plots were 3.26, 4.18, and 4.04, whereas the R 10 values were 1.49, 1.94, and 1.83 mmol CO 2 m 22 s 21 at 5, 10 and 15 cm depth, respectively. The Q 10 and R 10 values increased from 5 to 10 cm depth, but no further differences were observed between 10 and 15 cm depth.
Together, our data indicate that there are several factors that influence Q 10 . First, both T s and W s affected Q 10 ; second, the soil depth at which measurements are made can modify Q 10 ; third, Q 10 and R 10 vary during the season; and finally, using the same data-set, different Q 10 values can be obtained with different models. As a consequence, it is difficult to compare results from different studies (Fang & Moncrieff 2001) . Gaumont-Guay et al. (2006a) indicated that Q 10 derived on a seasonal time scale incorporated the instantaneous control of temperature on the process controlled by T s as well as the long-term control by root growth dynamics and changes in the microbial population. Janssens and Pilegaard (2003) suggested that continuous data-sets of even longer periods of time need to be analyzed to resolve the temperature and moisture dependency of the Q 10 of R s . Thus, when we interpret and compare Q 10 values derived from different studies, it is important to take into account the time scale, the measurement depth of temperature, and the used model.
Conclusions
Although the three plots analyzed in this study were characterized by different vegetation types, the seasonal variability in R s , T s , and W s showed a very similar trend, i.e. no significant differences were found in the mean values of R s , T s , and W s as well as in the correlations between R s and T s , or W s . These results implicate that on a smaller scale, changes in vegetation type did not significantly affect soil respiration. Consequently, when measuring CO 2 efflux in a mountain area, we should first consider dominant vegetation cover and soil texture because vertical variation of vegetation and soil texture more easily leads to changes in R s , T s , and W s values and the correlations between them than horizontal 1198 J. X. Yan et al.
changes. Therefore, we might use one of the three plots of our study as representative. This way, not only could we reduce work load but also ensure the accuracy of CO 2 efflux measurement.
